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Much attention has been focused on the biological effects of equol, a metabolite of daidzein produced by intestinal 
microbiota. However, little is known about the role of isoflavone metabolizing bacteria in the intestinal microbiota. 
Recently, we isolated a dihydro daidzein (DHD)-producing Clostridium-like bacterium, strain TM-40, from human 
feces. We investigated the effects of strain TM-40 on in vitro daidzein metabolism by human fecal microbiota from a 
male equol producer and two male equol non-producers. In the fecal suspension from the male equol non-producer 
and DHD producer, DHD was detected in the in vitro fecal incubation of daidzein after addition of TM-40. The DHD 
concentration increased as the concentration of strain TM-40 increased. In the fecal suspension from the equol 
producer, the fecal equol production was increased by the addition of strain TM-40. The occupation ratios of 
Bifidobacterium and Lactobacillales were higher in the equol non-producers than in the equol producer. Adding 
isoflavone-metabolizing bacteria to the fecal microbiota should facilitate the estimation of the metabolism of 
isoflavonoids by fecal microbiota. Studies on the interactions among equol-producing microbiota and DHD-producing 
bacteria might lead to clarification of some of the mechanisms regulating the production of equol by fecal microbiota. 
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INTRODUCTION 

Daidzein and daidzin are metabolized to equol by 
intestinal bacterial microbiota (1). Equol is considerably 
more estrogenic than daidzein. It has been reported that 
equol is 100-fold more potent than daidzein in stimulating 
an estrogenic response. Equol is also stronger than 
daidzein at competing with 3H-estradiol for binding to 
the estrogen receptor (ER), suggesting that equol has a 
higher affinity for ER (2). It has also been demonstrated 
to be a more effective antioxidant than daidzein or 
genistein (3,4)- Equol or the ability to produce equol is 
related to anticarcinogenic characteristics in humans. A 
case-control study involving residents in Japan and Korea 
demonstrated that the ability to produce equol is closely 
related to a lower incidence of prostate cancer (5). Thus, 
equol is an important bacterial metabolite in the gut. 
However, interindividual variations in equol production 
have been identified. Only 30% to 50% of humans are 
equol producers (6,7). Dihydrodaidzein (DHD), a 
bacterial metabolite of the widespread isoflavone, 
daidzein (8), is believed to be a precursor of equol (8). An 
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equol-producing bacterium, Slackia equolifaciens, which 
produces equol from daidzein, has been isolated from 
human feces (9), and an equol-producing bacterium, 
which produces equol from DHD, has also been isolated 
from human feces (10). Although the latter bacterium 
cannot produce equol from daidzein, it can produce equol 
from DHD, which is a bacterial metabolite of daidzein, 
and seems to be an important bacterial metabolite related 
to equol production. We previously isolated the DHD- 
producing Clostridium-like bacterium, strain TM-40, 
from healthy human feces (11). It seems important to 
clarify the role of the DHD-producing bacteria in equol 
production in the gut. However, few reports have 
addressed the effects of DHD-producing intestinal 
bacteria on in vitro daidzein metabolism by human fecal 
microbiota. 

We tested our hypothesis that the DHD-producing 
Clostridium-like intestinal bacterium, strain TM-40, 
significantly affects the metabolism of isoflavonoids in a 
human male equol producer and two human male equol 
non-producers in vitro. 

MATERIALS AND METHODS 

Chemicals 

Daidzein and equol were purchased from LC 
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Laboratories, a division of PKC Pharmaceuticals, Inc. 
(Woburn, MA, USA). Dihydrodaidzein (DHD) was 
purchased from Toronto Research Chemicals, Inc. (North 
York, ON, Canada). 

Sampling 

We selected the feces of three adult men (from 2 1 to 45 
years old) previously checked for equol production. The 
equol and DHD production of the three types of feces 
were as follows: equol non-producer and DHD non- 
producer, equol non-producer and DHD producer, and 
equol producer (equol production). Feces from the male 
equol producer and non-producers were collected and 
immediately processed by in vitro incubation of daidzein 
with the fecal microbiota. Feces from the male equol 
producer and non-producers were stored at -80 °C until 
T-RFLP analysis. This study was performed under 
following the principals of the Helsinki Declaration. The 
Human Investigations Review Board of the National 
Food Research Institute approved the study protocol, and 
informed consent was obtained from the subjects. 

The character of strain TM-40 

Strain TM-40 was isolated from a healthy boy's feces. 
DHD was produced by in vitro incubation of daidzein 
with fecal microbiota from the boy's feces. The cells of 
TM-40 were Gram-positive, rod-shaped, and anaerobic. 
Strain TM-40 produces DHD from both daidzein and 
daidzin. The sequence data were aligned, and the 
assembled partial 16S rRNA sequences were compared 
with those available in the GenBank database. The 16S 
rRNA partial sequence of strain TM-40 (Accession no. 
AB249652) that was isolated from human feces exhibited 
a 93% similarity to that of Coprobacillus catenaformis 
(Accession no. AB030218). This strain was identified to 
be a new species (11). 

Effects of Strain TM-40 on in vitro incubation of 
daidzein with fecal microbiota from a human male equol 
producer and two non-producers 

The following methods of in vitro fecal incubation of 
daidzein with fecal microbiota were employed. The 
anaerobic medium used in this experiment was prepared 
as follows. Brain heart infusion (37 g), agar (1 g), L- 
cysteine HCl (0.5 g), and Na2C03 (4 g) were dissolved in 
1000 ml distilled water. Aliquots of the broth (9 ml) were 
then distributed to test tubes, gassed with 02-free CO2, 
sealed with a butyl rubber stopper, and sterilized by 
autoclaving. Freshly voided feces (1 g) were collected in 
sterile glass homogenizers. Thirty milliliters of an 
anaerobic medium were added to the feces, and the 



mixture was homogenized. Daidzein (20 mg) was 
dissolved in 1 ml dimethyl sulphoxide (DMSO). The 
daidzein solution (1 /A) was transferred into 0.2 ml of 
homogenate. In the incubation mixture with strain TM- 
40, strain TM-40 previously incubated anaerobically for 
24 h on an Eggerth-Gagnon (EG) agar plate was 
suspended in the anaerobic medium by inoculating loop- 
bearing bacteria isolated from the EG agar medium and 
adjusted to a concentration of lO'^cells/ml (final 
concentration 2x10^ cells/ml; high concentration) or 10^ 
cells/ml (final concentration 2 x 10^ cells/ml; low 
concentration). Four microliters of the anaerobic medium 
suspended with strain TM-40 were added to the 
incubation mixture (0.2 ml of fecal homogenate plus 1 jA 
daidzein solution). In the control incubation mixture, 4 /A 
of the anaerobic medium was added to the incubation 
mixture. The solution was incubated under an atmosphere 
of CO2 generated using the AnaeroPack system 
(Mitsubishi Gas Chemical Company, Inc., Tokyo, Japan) 
for 24 h at 37°C. After incubation, methanol-acetic acid 
(100:5, v/v) was added to the incubation mixture to make 
a total volume of 1.0 ml. The mixture was vortexed for 
120 s and centrifuged at 5,000 x g at 4°C for 10 min. The 
supernatant was filtered through a 0.2-/mi filter. The 
filtrate was subjected to high-performance liquid 
chromatography (HPLC) analysis. 

HPLC analysis 

For HPLC analysis, we injected 20 /A of each 
preparation into a 250 x 4.6 mm Capcell Pak CIS 5-/m 
column (Shiseido, Tokyo, Japan). To detect 
isoflavonoids, a JASCO MD-1515 photodiode array 
detector (JASCO, Co., Ltd., Tokyo, Japan) was used to 
monitor the spectral data from 200 to 400 nm for each 
peak. We used standard samples of daidzein, DHD and 
equol to measure the isoflavonoids. We used the spectral 
data of 254 nm to quantify daidzein, 280 nm to quantify 
DHD, and 280 nm to quantify equol. The mobile phase 
consisted of methanol/acetic acid/water (35:5:60, v/v/v). 
The HPLC system was operated at a column temperature 
of 40°C and a flow rate of 1 ml/min. 

DNA extraction from feces 

DNA was extracted from feces according to Matsuki's 
methods (12) with some modification. Feces (20 mg) 
were washed three times by suspending them in 1 .0 ml of 
phosphate-buffered saline and centrifuging each 
preparation at 14,000 rpm in order to remove possible 
PCR inhibitors. The fecal pellets were resuspended in a 
solution containing 250 lA of extraction buffer (200 mM 
Tris-HCl, 80 mM EDTA; pH 9.0) and 50 //I of 10% 
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sodium dodecyl sulphate. Three hundred milligrams of 
glass beads (0.1 mm diameter) and 500 /ul of buffer- 
saturated phenol were added to the suspension, and the 
mixture was vortexed vigorously for 60 s in a mini-bead 
beater (BioSpec Products, Bartlesville, OK, USA) at a 
power level of 4800 rpm. After centrifugation at 14,000 
rpm for 5 min, 400 /ul of the supernatant was collected. 
Subsequently, phenol-chloroform-isoamyl alcohol 
extractions were performed, and 250 fA of the supernatant 
was subjected to isopropanol precipitation. Finally, the 
DNA was suspended in 1 ml of Tris-EDTA buffer. The 
DN A preparation was adjusted to a final concentration of 
10 //g/ml in TE and checked by 1.5% agarose gel 
electrophoresis. 

PCR conditions and restriction enzyme digestion 

The PCR mixture (25 //I) was composed of EX Taq 
buffer, 2 mM Mg2+, and each deoxynucleoside 
triphosphate at a concentration of 200 //mol/1, template 
DNA, and 0.625 U of TaKaRa EX Taq DNA polymerase 
(Takara Bio Inc., Otsu, Japan). The amount of fecal DNA 
was 10 ng. The primers used were 5' FAM-labelled 516f 
(5'-TGCCAGCAGCCGCGGTA-3') and 1510r (5'- 
GGTTACCTTGTTACGACTT-3') at concentrations of 
0.10 //mol/1. This process was carried out using the Dice 
PCR System (Takara Bio, Inc.). The amplification 
program consisted of one cycle at 95°C for 15 min, 
followed by 30 cycles at 95°C for 30 sec, 50°C for 30 sec, 
72°C for 1 min, and finally one cycle at 72°C for 10 min. 
The amplification products were subjected to gel 
electrophoresis in 1.5% agarose followed by ethidium 
bromide staining. The PCR products were purified using 
QIAquick spin columns (Qiagen KK, Tokyo, Japan) 
according to the manufacturer's instructions. The purified 
DNA was treated with 2U of BsI/^(New England Biolabs) 
for3h,at55°C(^7iJ. 

2.6. T-RFLP analysis 

The fluorescently labelled T-RFs were analyzed by 
electrophoresis on an ABI PRISM 310 Genetic Analyzer 
automated sequence analyzer (Applied Biosystems) in 
GeneScan mode. Two microliters of the restriction 
enzyme digestion mixture was mixed with 0.5 /ul of 
MapMarker 1000 size standard (Bio Ventures, Inc.) and 
12 /A of deionized formamide, followed by denaturation 
at 96°C for 2 min and immediate chilling on ice. The 
injection time was 30 s for the analysis of T-RFs from the 
digestion with BsK. The run time was 40 min. The lengths 
and peak areas of T-RFs were determined with 
GeneMapper software. The predominant operational 
taxonomic units (OTUs, which correspond to either T- 



400 
^ 350 
^ 300 
I 250 



o 

B 
O 

> 

a 

o 



200 
150 
100 



* 50 



□ Control" LowConc.B HighConc. 



Daidzein 



DHD 



Equol 



Fig. I. Equol, daidzein, and DHD concentrations of the fecal 
suspension from the male equol non-producer and DHD non- 
producer. The fecal incubation mixture was supplemented with 
a high or low concentration of strain TM-40. The control fecal 
incubation mixture was supplemented with an anaerobic 
medium. 



RFs or T-RF clusters) that were detected in the T-RFLP 
profiles from the fecal contents were applied to the 
phylogenetic groups of intestinal microbiota (13). 

RESULTS 

Effects of strain TM-40 on the in vitro incubation of 
daidzein with fecal microbiota from the male equol and 
DHD non-producer 

In the fecal suspension from the male equol non- 
producer and DHD non-producer (Fig. 1), DHD was not 
detected in the in vitro fecal incubation of daidzein in the 
control incubation solution. However, DHD was detected 
in the in vitro fecal incubation of daidzein by after the 
addition of the high concentration of the DHD-producing 
bacterium, TM-40. The DHD concentration was low in 
the in vitro fecal incubation of daidzein when the low 
concentration of strain TM-40 was added. Equol was not 
detected in any fecal suspension from the male equol and 
DHD non-producer. 

Effects of strain TM-40 on the in vitro incubation of 
daidzein with fecal microbiota from the male equol non- 
producer and DHD producer 

In the fecal suspension from the male equol non- 
producer and DHD producer (Fig. 2), DHD was detected 
in the in vitro fecal incubation of daidzein in the presence 
of either a low or high concentration of the DHD- 
producing bacterium, TM-40. DHD was also detected in 
the control incubation solution. However, the DHD 
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Fig. 2. Equol, daidzein, and DHD concentrations of the fecal 
suspension from the male equol non-producer and DHD 
producer. The fecal incubation mixture was supplemented with 
a high or low concentration of strain TM-40. The control fecal 
incubation mixture was supplemented with an anaerobic 
medium. 



Fig. 3. Equol, daidzein, and DHD concentrations of the fecal 
suspension from the male equol producer. The fecal incubation 
mixture was supplemented with a high or low concentration of 
strain TM-40. The control fecal incubation mixture was 
supplemented with an anaerobic medium. 



concentration was the highest in the fecal suspension 
supplemented with the high concentration of strain TM- 
40, moderate in the presence of the low concentration of 
TM-40, and the lowest in the control fecal suspension. 
The DHD concentration increased as the concentration of 
strain TM-40 increased. Adding strain TM-40 to the fecal 
suspension greatly increased DHD production in the male 
equol non-producer and DHD producer, compeired to the 
male equol and DHD non-producer. 

Effects of strain TM-40 on in vitro incubation of 
daidzein with fecal microbiota from the male equol 
producer 

In the fecal suspension from the male equol producer 
(Fig. 3), DHD and equol were detected in the in vitro fecal 
incubation of daidzein by adding a low or high 
concentration of strain TM-40. DHD and equol were also 
detected in the control incubation solution. The equol 
concentration was the highest in the fecal suspension 
supplemented with the high concentration of strain TM- 
40, moderate in the presence of the low concentration of 
strain TM-40, and the lowest in the control fecal 
suspension. The equol concentration in the fecal 
suspensions increased as the concentration of strain TM- 
40 increased. In contrast, the DHD concentration was the 
highest in the fecal suspension supplemented with the low 
concentration of strain TM-40, moderate in the control 
fecal suspension, and lowest in the fecal suspension 
supplemented with the high concentration of strain TM- 
40. Strain TM-40 affected both DHD and equol 



production in the in vitro incubation of daidzein with 
fecal microbiota from the male equol producer. In fecal 
suspensions from the equol producers, the equol/daidzein 
ratio increased as the concentration of strain TM-40 
increased. 

Fecal microbiota of male equol producer and non- 
producers 

It has been confirmed that human intestinal microbiota 
predominantly consist of members of approximately 10 
phylogenetic bacterial groups and that these bacterial 
groups can be distinguished by the T-RFLP system 
developed by Nagashima et al. (13,14). Figure 4 depicts 
the compositions of the fecal microbiota, which differed 
between the equol producer and the equol non-producers. 
The occupation ratios of Bifidobacterium and 
Lactobacillales were higher in the equol non-producers 
than in the equol producer. The occupation ratio of 
Bifidobacterium was highest in the DHD producer and 
equol non-producer. 

DISCUSSION 

Much attention has been focused on the biological 
effects of equol (4',7-dihydroxyisoflavan), a metabolite 
of daidzein produced by intestinal microbiota. DHD is 
also a bacterial metabolite of daidzein and is a proposed 
precursor of equol (8), and seems to be an important 
substance in bacterial equol production in vivo. Recently, 
we isolated the DHD-producing bacterium TM-40 from 
the feces of a healthy human. The TM-40 strain produced 
DHD from daidzein (11). Estimating the effects of DHD- 
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Fig. 4. Composition of fecal intestinal microbiota of the male equol producer and non- 
producers. OTUs (operational taxonomic units), which correspond to either T-RFs 
(terminal restriction fragments) or T-RF clusters were identified by T-RFLP analysis. The 
alphabetical key to Fig. 4 refers to the following phylogenetic bacterial groups. A: 
Bacteroides, Clostridium cluster IV (OTUs 370). B: Clostridium cluster IV (OTUs 168, 
749). C: Clostridium cluster IX, Megamonas (OTUs 110). D: Clostridium cluster XI 
(OTUs 338). E: Clostridium subcluster XlVa (OTUs 106, 494, 505, 517, 754, 955, 990)., F: 
Clostridium cluster XI, Clostridium subcluster XlVa (OTUs 919). G: Clostridium 
subcluster XlVa, Enterobacteriales (OTUs 940). H: Clostridium cluster XVIIl (OTUs 423, 
650). I: Bacteroides (OTUs 469, 853). J: Bifidobacterium (OTUs 124). K: Lactobacillales 
(OTUs 332, 520, 657). L: Prevotella (OTUs 137, 317). M: Others 



producing bacteria on equol production of intestinal 
microbiota is important for clarifying the role of DHD- 
producing bacteria in equol production in the gut. We 
examined the effects of DHD-producing intestinal 
bacteria on in vitro daidzein metabolism by human fecal 
microbiota from a male equol producer and two male 
equol non-producers. Despite the limited number of 
samples, we could examine the effects of the DHD- 
producing human intestinal bacterium, TM-40, on in vitro 
fecal incubation with daidzein from both the equol 
producer and the equol non-producers. Our results reveal 
that the DHD-producing bacterium, TM-40, affected 
DHD production by fecal microbiota in both the equol 
producer and the equol non-producers. 

In the equol non-producer and DHD producer, DHD 
production was greatly increased by adding the low 
concentration of TM-40 to the in vitro fecal incubation 
solution with daidzein. In contrast, in the equol and DHD 
non-producer, DHD production was slightly increased by 
adding the low concentration of TM-40 to the in vitro 
fecal incubation solution with daidzein. The most 



important difference between these two male subjects 
was that one was able to produce DHD from daidzein, 
while the other was not. Adding DHD-producing bacteria 
to the fecal suspension did not produce a significant 
amount of DHD in the equol and DHD non-producer and 
one possible explanation for this is that DHD production 
from daidzein was suppressed by some inhibitory 
substances and/or some inhibitory bacteria that exist in 
the gut. It has been reported that several bacteria may be 
involved in daidzein metabolism, and that they may differ 
among subjects (15). Our experiment revealed three types 
of daidzein metabolism. The results suggest that the 
DHD-producing bacterium, strain TM-40, assists equol 
production via the fecal microbiota even in the presence 
of different kinds of fecal microbiota. It has been 
suggested that DHD is an intermediate substance 
bacterial equol production from daidzein (8). Equol 
production might be increased or stimulated by increased 
DHD production induced by strain TM-40. In general, 
many kinds of bacteria exist in the gut, and intestinal 
bacteria seem to affect the environment of the gut by 
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producing many kinds of metabolites, such as short chain 
fatty acids (SCFAs) (16,17), bacteriocin (18), and gas 
(19-22). The gut environment of the DHD and equol 
producer appears to be suitable for the production of 
DHD by DHD-producing bacteria. 

In our results, the occupation ratios of Bifidobacterium 
and Lactobacillales were higher in the equol non- 
producers than in the equol producer. It has previously 
been reported that many equol producing bacteria belong 
to the genus Slackia, Adlercreutzia or Eggerthella. 
Intestinal bacteria of Bifidobacterium and 
Lactobacillales produce short chain fatty acids in the gut 
and affect the microecology of the gut. Many kinds of 
intestinal bacteria live in the gut and unpact on each other 
by competing for nutrition for their survival. It has been 
reported that a combination of dietary 
fructooligosaccharides and isoflavone conjugates 
increases equol production in ovariectomized mice (23). 
Dietary fructooligosaccharides increased the population 
of bifidobacteria in feces and lower the stool pH (24). 
However, some intestinal bacteria other than 
bifidobacteria also utilize the fructooligosaccharides. 
Further studies must be undertaken to understand the 
relationship between Bifidobacterium, Lactobacillales 
and equol-producing bacterium. 

Our investigation revealed that adding isoflavone- 
metabolizing bacterium to fecal microbiota is useful for 
stimulating the metabolism of isoflavonoids by fecal 
microbiota. Studies of the interactions among equol- 
producing microbiota and DHD-producing bacteria 
might lead to the identification of mechanisms regulating 
equol production by fecal microbiota. Our study was 
limited by the fact that we could not measure the 
composition of the intestinal microbiota from several 
human equol producers and non-producers. Further 
studies should be conducted to examine the relationship 
between the composition of the intestinal microbiota and 
equol production in large scale volunteer studies. 
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